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NOTATION  

NOTATION  

  = maximum longitudinal time-averaged velocity in vertical profile, m s
-1

 

  = shear velocity, , m s
-1
  

Űo  = bed shear stress, N m
-2
 

ə  = Von Kármán constant 

ks  = characteristic roughness length scale, m 

g  = gravitational acceleration constant, m s
-2
 

P  = wetted perimeter, m 

A  = flow section area, m
2
 

R  = hydraulic radius, , m 

S  = water slope 

Q  = discharge, m
3
 s

-1
 

Qm  = mean annual discharge, m
3
 s

-1
 

W  = local channel width, m 

D  = local water depth, m 

Davg  = cross sectional average water depth, m 

R  = Reynolds number,   

F  = Froude number,    

UDavg  = depth averaged longitudinal velocity, m s-1 

u,v,w  = instantaneous longitudinal, lateral, and vertical velocities, m s
-1
 

  = time-averaged longitudinal, lateral, and vertical velocities, m s
-1
 

u',vô,wô  =  instantaneous longitudinal, lateral, and vertical fluctuating velocities, m s
-1
 

, ,  = standard deviation of the longitudinal, lateral, and vertical    

velocities, m s
-1
 

x, y , z   = longitudinal, lateral, and vertical coordinate distance, m 

  = body force per unit volume of fluid, N m
-3

 

p  = isotropic hydrostatic pressure force, N m
-2

 

ɟ  = fluid density, kg m
-3

 

v   = kinematic viscosity, m
2
 s

-1 

µ   = dynamic viscosity, N s m
-1 

Ŭ  =  power law exponent (1/Ŭ) 

  

maxu

*u rto

PA

wvu ,,

''uu ''vv ''ww

f



 

xv 

ACKNOWLEDGMENTS  

The authors thank DOE/EERE for supporting the development of this report under CPS Project 

No. 20689, CPS Agreement Nos. 20065 and 20070.  

 

  



 

16 

 

1. INTRODUCTION  

 

Current energy conversion technologies are a class of marine and hydrokinetic (MHK) 

technologies that convert kinetic energy of river, tidal or ocean currents to generate electricity.  

These technologies are at early stages of development compared to other renewable 

technologies, such as wind turbines, and require the Department of Energyôs support to 

accelerate their advancement to the market place.  Hence, the Wind and Water Power Program 

(WWP), administered by the U.S. Department of Energyôs Energy Efficiency and Renewable 

Energy Office, has implemented a research and development program to estimate the baseline 

LCoE for these technologies, with the goal of reducing it to $0.07/kW-h by 2030. Accurate 

estimates of LCoE for MHK devices are therefore needed to compare with conventional and 

other renewable energy technologies and to identify key cost drivers and cost reduction 

strategies.   

 

As part of this overarching goal to reduce LCoE the WWP has adopted a technology readiness 

level (TRL) framework to facilitate the advancement of hydrokinetic energy conversion (MHK) 

technologies. Although the majority of proposed MHK machines are still in the conceptual and 

scaled prototype stage of design, many have progressed beyond the proof of concept stages and 

are now ready for full scale field testing and deployment.  Best practice guidelines and protocols 

are needed for collecting field measurements needed for these tests and deployments to ensure 

the data collected is consistent for comparison among different technologies and tests. 

 

The WWP has also supported hydrokinetic energy resource assessments to characterize and 

quantify the theoretical, technical and practical energy available in the US for each of the MHK 

resource types, including separate resource assessments for river, tidal and ocean currents.  These 

resource assessments, however, are only at a reconnaissance level with power densities averaged 

over model grid cells on the order of 300-500m (e.g. Defne et al 2011).  More refined field 

measurements at the development site are required to assess and characterize the resource at the 

scale of the individual MHK machine and MHK machine array.   

 

For individual MHK machine design, measurements over the energy extraction plane (EEP) are 

needed to inform machine design and to establish reference hydrodynamics for environmental 

impact studies.  As illustrated in Fig. 1.1, MHK developers would benefit from measurements of 

mean velocity and turbulence at their deployment sites; particularly over EEP of their device for 

component design and estimation of performance, annual energy production, and LCoE.  These 

measurements require well designed deployments of state-of-the-art acoustic instruments, 

including acoustic Doppler current profilers (ADCP) and acoustic Doppler velocimeters (ADV).   

 

In this report, existing data collection techniques and protocols for characterizing open channel 

flows are reviewed and refined to further address the needs of the MHK industry.  The report 

provides an overview of the hydrodynamics of river and tidal channels, and the working 

principles of modern acoustic instrumentation, including best practices in remote sensing 

methods that can be applied to hydrokinetic energy site characterization. Emphasis is placed 

upon acoustic Doppler velocimeter (ADV) and acoustic-Doppler current profiler (ADCP) 

instruments, as these represent the most practical and economical tools for use in the MHK 
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industry.  Incorporating the best practices as found in the literature, including the parameters to 

be measured, the instruments to be deployed, the instrument deployment strategy, and data post-

processing techniques.  The data collected from this procedure aims to inform the hydro-

mechanical design of MHK systems with respect to energy generation and structural loading, as 

well as provide reference hydrodynamics for environmental impact studies.  The standard 

metrics and protocols defined herein can be utilized to guide field experiments with MHK 

systems. 

 

 
 

Fig. 1.1  Typical distributions of velocity and turbulence and sketch of horizontal-axis 

hydrokinetic turbine.  Modified from Neary and Sale (2010). 
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2. RIVERS AND TIDAL CHANNELS  

 

2.1 CHANNEL MORPHOLO GY 

The morphology of natural rivers and tidal channels is complex compared to engineered 

channels, which can include power, irrigation and drainage canals.  Measurements of bathymetry 

and hydrodynamics are therefore more challenging.  Natural channels typically have mobile 

boundaries composed of substrates ranging in sizes from fine clay, with a median grain size of 

half a micron, to very large boulders with median grain sizes that equal or exceed 4 meters.  Four 

basic classes of natural channels are illustrated in Fig. 2.1 based on the channel slope or water 

discharge and the median grain size of the bed substrates:  sinuous uniform (canaliform), sinuous 

point bar, point-bar braided, and bar- or island braided (including anabranched).  Historically, 

large braided and anabranched channels have been channelized in most of the United States, with 

the exception of Alaska.  Sinuous braided, point bar, and canaliform channels are therefore 

anticipated to be the most common river morphologies for MHK machine and array deployment.   

 

 
 

Fig. 2.1  River channel types (Modified from Guy 1970) 

 

Unregulated and regulated rivers and tidal channels are rarely uniform along their reaches.  

Natural channels are rarely straight over twenty channel widths and are nonuniform in plan, 

profile, and section.  This results in super-elevation of the water surface around bends that can 

generate strong secondary circulation, mixed water surface profiles, and convective acceleration 

and deceleration of the bulk velocity. Channel geometry, roughness, mean-section depth and 

bulk velocity typically change along the longitudinal direction.  In addition to challenges in 

characterizing the variations of bulk (section averaged) flow properties, the local mean flow 

properties of rivers and tidal channels can be highly three-dimensional as a result of variations in 

river alignment and vortex shedding from in-stream structures and surface vessels.  Pressure 

gradients associated with nonuniform surface profiles cause significant departures in the wake 
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region. Wind shear on the water surface also can cause significant departures from semi-

theoretical models that estimate mean velocity and Reynolds stress profiles. 

 

Bed sediments, grain and form roughness can also vary considerably among different channels 

and along a channel reach.  Adding to this already complex morphology and roughness are in-

stream structures and surface vessels that produce surface wakes, vortex shedding, and increased 

turbulence in the wakes.  In-stream structures include bridge piers, docks, alluvial sand dunes 

(Best et al. 2010), medium and large boulders greater than 500 mm in diameter (Crowder and 

Diplas 2000), boulder clusters (Tritico and Hotchkiss 2005; Lacey and Roy 2008), large woody 

debris, and aquatic vegetation (Neary et al., In Review). Barge and boat traffic also generate 

surface wakes, vortex shedding and turbulence (Bhowmik et al. 1982).  The above 

morphological complexities result in nonuniform flows with a wide range of bulk flow 

conditions, eddy frequencies and scales and velocity fluctuations.  

 

2.2 FLOW VARIABILITY  IN RIVERS  

Classical models assume steady uniform flow, but unregulated rivers exhibit great variability of 

discharge and depth over time scales varying from hours to days depending on the size of the 

drainage basin.  The discharge of regulated rivers, such as tailwaters below hydropower dams, 

can change within minutes, but exhibit less depth and flow variability than regulated rivers. Fig. 

2.2 shows daily discharge and stage data on the Missouri River for an approximately twenty year 

period.  The discharge at this site varies over three orders of magnitude, and the stage varies 

from approximately 1 to 30 m.   

 

 
 

Fig. 2.2  Daily flow and depth time-series record for approximately twenty-year period of record 

(POR) on the Missouri River, Nebraska (USGS 06610000).  Blue indicates the daily values.  

Brown indicates the daily mean values for the (POR).  The inset plots show the flow and depth 

time series during field measurements by Holmes and Garcia (2009).  Borrowed with permission 

from Neary and Sale (2010). 
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Rivers can have extreme variations in flow and stage, and measurements on the order of several 

decades are typically required to obtain meaningful statistics on the flow variability.  It is 

impractical for instrument deployments to span the return periods found in rivers due to 

instrument limitations and prohibitive costs.  Alternatively, classical models developed from 

laboratory experiments to describe velocity and turbulence profiles in open channel flows may 

be used as a first approximation of river hydrokinetic resources (Neary and Sale 2010).  These 

classical models, however, need more extensive validation for large river flows, particularly for 

the transverse and vertical components of the normal Reynolds stresses (Nezu and Nakagawa 

1993).  These models include the power and logarithmic laws for the vertical mean velocity 

profile of a flat plate turbulent boundary layer flow and exponential decay models developed by 

Nezu and Nakagawa (1993) for normal Reynolds stresses of depth-limited boundary shear flows 

in open channel flumes. 

 

2.3 TIDAL CURRENTS AND TIDAL VARIABILIT Y 

Tidal currents are primarily derived from variations in tidal elevation, which are in turn derived 

from the gravitational forcing of the moon and sun on the earth's oceans. While currents are quite 

weak in the open ocean, in coastal environments relative constrictions can increase peak currents 

to 3-5 m/s (6-10 knots). At sites of hydrokinetic interest, currents are generally aligned to a 

principal axis on ebb (water flowing inwards) and flood (water flowing outwards). However, 

asymmetries between the strength and direction of ebb and flood are common and symmetric, 

rectilinear currents are an exceptional case. The tidal regimes at sites of practical importance for 

power generation are either semidiurnal (two ebb and flood tides of equal strength each lunar 

day) or mixed, mainly semidiurnal (two ebb and flood tides each lunar day with one cycle 

considerably strong than the other). In addition to gravitational forcing, the site-specific signals 

from estuarine circulation (e.g., stratification), wind, waves, and bathymetric effects may be 

present in measured currents. 

 

The time scales for tidal variability in the mean flow are fundamentally different than for rivers. 

Tidal currents vary continually in response to the lunar and solar gravitational interaction with 

the earth's oceans. An idealized model for tidal currents consists of a series of superimposed 

sinusoids corresponding to the relative position and orientation of the celestial bodies: 

 

, 

 

where i is a particular constituent and u, ɤ, and ű are its associated amplitude, period, and phase. 

As described above, the primary modulation is over the 24-hour lunar day, but longer turn 

modulations are also present, the 14.8-day neap-spring cycle being the most pronounced. During 

spring tides, the gravitational forcing from the moon and sun are in phase and currents are 

strongest. Neap tides occur when the gravitational forcing from these two bodies is out of phase 

and currents are weakest.  

 

In addition to the smoothly varying tidal forcing, measured currents also include residual 

currents associated with non-tidal variability at two primary time scales. Seasonally, 

stratification between salt water and fresh water in estuaries may drive residual currents. While 

() ( )ä
=
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these play a critical role in estuarine ecology, they may be a second order effect for hydrokinetic 

performance evaluation. For example, at sites in Puget Sound, WA, residual currents vary from 

approximately -30 cm/s (net outflow at surface) to 30 cm/s (net inflow at seabed) and may be 

quite weak at the middle of the water column (where tidal energy devices would be most likely 

to be deployed). An example of this is shown in Fig. 2.3. In comparison, peak tidal currents may 

exceed 300 cm/s throughout the water column. 

 

 
Fig. 2.3  Residual currents in northern Admiralty Inlet, Puget Sound, WA (September, 2007). 

Top panel: low pass filtered horizontal velocity as a function of depth and time (m/s). Bottom 

panel: unfiltered horizontal velocity at mid-water as a function of time. 

 

Over shorter time scales, tidal currents may depart considerably from the idealization of a 

smoothly varying sinusoid. An example of this is shown in Fig. 2.4. While tidal currents are 

dominated by the harmonic forcing of the sun and moon over time periods on the order of a lunar 

day, shorter term fluctuations may be pronounced. On time scales of longer than several minutes, 

influences include local bathymetric features, eddies created by headlands or other topographic 

features, or hydraulic control. These features may be periodic (e.g., secondary peak flood current 

prior to the true peak), but are not harmonic in the same sense as the tides (Polagye et al. 2010). 

On time scales shorter than several minutes, higher frequency fluctuations are associated with 

turbulence at various lengths and time scales (Thomson et al. 2010).   
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Fig. 2.4  Representative measured currents (northern Admiralty Inlet, WA, May 2009, mid-

water, 30 second ensemble average) 

 

2.4 VELOCITY AND TUR BULENCE, DISTRIBUTIO NS AND MAGNITUDES 

Over periods of steady or quasi-steady flow, Neary and Sale (2010) showed that vertical profiles 

of velocity and Reynolds stresses generally follow classical laws if large roughness effects and 

obstructions that perturb boundary shear flows are absent.  Mean longitudinal velocity profiles 

measured in large rivers are shown in Fig. 2.5a.  As expected, the mean velocity  is lowest near 

the channel bottom and increases as it approaches the free water surface z=D.  The maximum  

is usually near the free water surface.  Maximum  values range from 1 to 4 m/s and depths z 

from 1 to 35 m for the data reviewed.  Given that flow measurements for the Mississippi River 

by McQuivey (1973) were taken when the flow was well below the mean annual discharge Qm 

(Table 1), one would expect higher maximum  at higher z and flows Q>Qm.   

 

The corresponding longitudinal turbulence intensity profiles are shown in Fig. 2.5b.  These 

profiles also follow known trends with an exponential increase from the free water surface to the 

near wall region.  When comparing the velocity and turbulence profiles in Fig. 2.5b, one 

observes that the longitudinal turbulence intensity  ranges from approximately 0.05 to 0.5 

m/s and is usually an order of magnitude less than .  The no-slip condition requires that the 

turbulence intensity and all components of the Reynolds stress tensor are zero at the bottom of a 

fixed boundary, but field measurements are currently limited within the near wall region, even 

with state-of-the-art acoustic instruments, and rivers typically have mobile beds with non-zero 

mean velocity and Reynolds stresses.  The minimum and maximum range of elevations for 

measurements by McQuivey, Holmes and Garcia, Nikora and Smart, and Carling et al. were 

z/D=0.03-0.91, 0.02-0.96, 0.27-0.93 and 0.06-0.77, respectively. 

 

u

u

u

u

''uu

u



 

23 

 

 
Fig. 2.5  (a) Mean longitudinal velocity profiles.  (b) Longitudinal turbulence intensity profiles.  

The dashed horizontal line indicates z = 0.5 m.  HKEC devices will typically operate at depths 

greater than 0.5m off the bed.  Borrowed with permission from Neary and Sale (2010). 
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Field measurements of  non-dimensionalized by with the power law equation 

 

,

 

are shown in Fig. 2.6.  Based on the power law assumption, occurs at the surface (z/D = 1), 

but the measured data shows that can occur beneath the surface due to wind, wave and 

three-dimensional flow effects.   

The power law exponent  was observed by Neary and Sale (2010) to vary from 1/3 to 1/12 

between individual profiles, with a best fit value of 1/5.4 through all the data.  Variation in the 

exponent can be attributed to a number of causes, including measurement error, pressure 

gradients, roughness and three-dimensional flow effects.  The significant differences between the 

exponents would translate into more significant errors in drag and power acting on the energy 

extraction plane since drag and power are proportional to  to the second and third powers.  

Field measurements of normal stresses, e.g. , normalized by shear velocity  are 

compared in Fig. 2.7 with exponential decay models developed by Nezu and Nakagawa (1993) 

for steady uniform flow in smooth laboratory flumes 

 

These expressions are universal for smooth boundaries between (0.1-0.2)< z/D<0.9, independent 

of Reynolds and Froude number, and show that > >  .  They do not 

apply near the wall approximately z/D<(0.1 to 0.2) as the no slip condition requires turbulence 

intensities to decrease from a maximum value to zero at z/D=0.  Nor do they apply in the free 

surface region above z/D<0.9, where is damped.  A peak value of =2.8 is 

observed in the near-wall region in wall coordinates at z+=17, where  (Nezu and 

Nakagawa 1993).  A peak in  was not observed in any of the data reviewed because the 

measurements were not taken close enough to the bed. 

The comparison by Neary and Sale (2010) indicated that field measurements are in reasonable 

agreement with the exponential decay models developed from laboratory flumes, although there 

is considerable scatter.  Measurement error as well as complex hydrodynamic effects 

summarized above are possible causes.  The measurements by Holmes and Garcia (2008) are the 

only known measurements of the normal Reynolds stresses and for large 

rivers (depths > 1 m and currents > 1m/s).  These turbulence measurements are in fair agreement 

with the exponential decay models, except near the surface where the models underestimate the 
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data.  Field measurements near the free water surface, however, are likely prone to error from 

wave motion and wind shear effects.  

 

 
Fig. 2.6  Power law velocity profiles with z normalized by D and normalized by . The 

solid black line represents the best fit of the power law with exponent 1/Ŭ through the data, and 

the resulting best fit Ŭ = 5.4 (R
2
 = 0.999).  The dotted and dashed lines represent the power law 

with exponent 1/3 and 1/12, respectively.  Borrowed with permission from Neary and Sale 

(2010).  Note: Measurements of  /  below 0.3 are likely noise contaminated. 

 

u maxu

u maxu



 

26 

 

 
 

Fig. 2.7  Exponential decay law profiles by Nezu and Nakagawa (1993) compared to field 

measurements, with z normalized by D and normal stresses, e.g. normalized by shear 

velocity Borrowed with permission from Neary and Sale (2010). 

 

2.5 VELOCITY AND TURBULENCE MEASUREMENTS AT TIDAL ENERGY SITE S 

For tidal energy sites, the calculation of turbulence intensity (absolute or relative) is complicated 

by the inherently non-stationary mean flow. Returning to the previous idealization of the tidal 

cycle, an idealization of mean current velocity of a tidal cycle is a sine wave of given period and 

amplitude. The time rate of change of velocity is only non-zero at peak flood or peak ebb and at 

a maximum around slack. If the averaging window over which the mean is calculated is short 

(e.g., less than a minute), the additional "turbulence" introduced by a non-stationary mean should 

be small in comparison to the true turbulence. However, an averaging period of this length is not 

always possible and for averaging periods of greater than a few minutes, the spurious turbulence 

intensity masks true turbulence over most of the tidal cycle (Polagye and Thomson in 
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preparation). Second, any acoustic measurement of current velocity will contain additional 

variance associated with Doppler noise. Factors influencing Doppler noise for a single ping 

include vertical bin size, ADCP frequency, and the ambiguity velocity chosen to prevent phase 

wrapping. A correction for Doppler noise is presented in Thomson et al. (2010), but assuming 

that over the averaging window Doppler noise is normally distributed. Depending on the 

instrument sampling rate, it may not be possible to satisfy both the requirement of an averaging 

window short enough to prevent a substantially non-stationary mean and an averaging window 

long enough to ensure normal statistics for Doppler noise. In practice, mean tidal currents show 

more variability than in the case of an idealized sinusoid, but the complication of a non-

stationary mean is analogous. 

 

2.6 EFFECTS OF DEPTH VARIABILITY  IN RIVERS  

The effects of large depth variability on the location of the energy extraction area and its 

centerline relative to the velocity and turbulence characteristic profiles are illustrated Fig. 2.8.  

Two river hydrokinetic devices at sites with a large range of seasonal depth variability are 

compared to a tidal site where depth variability is much less pronounced.  The centerline and 

height of the energy extraction plane is also non-dimensionalized with D, which causes the 

centerline and height to decrease with greater depth.  In theory, the normalized velocity and 

turbulence distributions would remain unchanged with depth and flow changes.  Therefore, Fig. 

2.8 illustrates the additional variation in velocity and turbulence that a device will experience 

over its design life as a result of moving up and down the relative depth z/D. This is a 

consideration whenever the characteristic length scales of the hydrokinetic extraction device are 

on the same order as water depth.  

 
Fig. 2.8  Effects of large depth variability on the location of the swept area (energy extraction 

area) relative to the velocity and turbulence profiles.  Borrowed with permission from Neary and 

Sale (2010). 
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2.7 WAVES 

While wave action introduces an additional source of stochastic variability to current 

measurements, this has not been a driving consideration for site assessment in the US. Most tidal 

site assessments have focused on partially sheltered estuarine locations where a combination of 

limited wave intensity and relatively deep water (10s of meters) reduces the wave effect to a 

second order consideration. The influence of waves may be considerable for open ocean sites 

(e.g., Aleutian Islands, AK) and is a major design consideration for tidal energy devices planned 

for deployment in unsheltered waters around the UK. 
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3. PROPERTIES TO BE MEASURED 

 

Resource characterization at sites identified for MHK device deployment requires measurements 

of the study reach bathymetry, bed substrates, in-stream flow structures, properties of the fluid, 

the flow field, and constituents in the water, e.g. salinity, the gradients of which may affect the 

hydrodynamics.  Specific parameters associated with these properties are given in the following 

sections. 

 

3.1 STUDY REACH BATHYMETRY  

Once the study reach and its upstream and downstream boundaries are delineated, the study 

reach bathymetry (x, y, z) should be mapped using techniques summarized by Muste et al. 

(2010).  The x, y, z coordinates should be reported in a standard coordinate reference frame that 

includes latitude, longitude, and National geodetic vertical datum (NGVD). The study reach 

should span the anticipated location of the EEP of the MHK device with the upstream and 

downstream boundaries ideally a minimum of ten channel widths apart.  Bathymetric mapping 

techniques recommended for MHK site resource characterization include single and multi-beam 

depth echosounders (SBE, MBE) coupled to a global positioning system (GPS) that is capable of 

receiving differential GPS corrections.  Protocols for bathymetric mapping using SBE and MBE 

are detailed in Section 4.1 below. 

 

 

 
 

Fig. 3.1  MBES bathymetry surface and corresponding sidescan image showing: a) the location 

of bridge pilling and woody debris; b) details of frames installed for bank protection. Borrowed 

with permission from Muste et al.  (2010). 
































































































